In this work, graphene oxide-manganese ferrite (GO-MnFe 2 O 4 ) magnetic nanohybrids were synthesized by co-precipitation technique. The adsorption properties of GO-MnFe 2 O 4 for efficient removal of Cd(II) from contaminated water were investigated. The nanohybrids were characterized by using X-ray diffraction, Fourier transform infrared spectroscopy, BrunauerEmmett-Teller specific surface area (BET), transmission electron microscopy, and vibrating sample magnetometry (VSM). VSM result showed the high saturation magnetization values M s = 27.1 emu/g, the BET specific surface area was 84.236 m 2 /g. Adsorption experiments were carried out to evaluate the adsorption capacity of the GO-MnFe 2 O 4 magnetic nanohybrids and compared with MnFe 2 O 4 nanoparticles and GO nanosheets. The equilibrium time for adsorption of Cd(II) onto the nanohybrids was 240 minutes. Experimental adsorption data were well-fitted to the Langmuir isotherm and the pseudo-second-order kinetic equation. The experimental results showed that adsorption of Cd(II) using GO-MnFe 2 O 4 magnetic nanohybrids was better than MnFe 2 O 4 and GO with a maximum adsorption capacity of 121.951 mg/g at pH 8. Reusability, ease of magnetic separation, high removal capacity, and fast kinetics lead the GOMnFe 2 O 4 nanohybrids to be promising adsorbents for removal heavy metals from contaminated water.
INTRODUCTION
The strong development of industrialization and urbanization has made emissions into the environment large amounts of heavy metals. Thus, using contaminated water can have serious health effects. Among all heavy metals such as As, Pb, Ni, Cu, Hg, Cd…, cadmium is considered one of the most toxic heavy metal with acceptable levels one-tenth those of most of the other toxic metals [1, 2] . The maximum permissible value for worker according to German law is 15 μg/L. For comparison: Non-smokers show an average cadmium blood concentration of 0.5 μg/L [3] . Severe risks of cadmium on human health such as vomiting, diarrhea, shortness of breath, lung edema, destruction of mucous membranes, kidney damage, "itai-itai" disease… [4, 5] . Therefore, it is necessary to remove Cd(II) from contaminated water.
To remove the heavy metals from contaminated water, many studies show that the magnetic nanohybrids of iron oxide-based materials (Fe 3 O 4 ) or ferrite materials (MFe 2 O 4 , M = Ni, Mn, Zn, Co…) were effective adsorbents [6, 7] . One of them, the manganese ferrite MnFe 2 O 4 were used as adsorbent with many advantages such as high magnetic permeability, low magnetic losses, more the active functional groups on the surface [8] . However, magnetic nanohybrids MnFe 2 O 4 showed some disadvantages such as instability and agglomeration.
Another adsorbent is graphene oxide (GO) can be used. GO has a large number of oxygenated functionalities and high surface area. Therefore, GO can be a good adsorbent for many ion heavy metals, but after the treatment is still challenging about recovering and agglomeration.
To overcome the disadvantages of both GO and magnetic nanohybrids MnFe 2 O 4 , GOMnFe 2 O 4 magnetic nanohybrids adsorbent was synthesized and investigated their usage for removal of Cd(II) from contaminated water. GO-MnFe 2 O 4 synthesized by co-precipitation technique was characterized using X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), Brunauer-Emmett-Teller specific surface area (BET), transmission electron microscopy (TEM), and vibrating sample magnetometer (VSM). Adsorption experiments were carried out to evaluate the adsorption capacity of the GO-MnFe 2 O 4 magnetic nanohybrids and compared with MnFe 2 O 4 nanoparticles and GO nanosheets.
MATERIALS AND METHODS

Materials
Graphite (particle size < 20 µm) was purchased from Sigma Aldrich, Germany. Sulfuric acid (98 wt%), hydrogen peroxide (30 wt%), sodium nitrate (99 wt%), malachite green (99 wt%), potassium iodide (99 wt%), ascorbic acid (99 wt%), PVA (molecular weight 80,000, degree > 98 %), ferric chloride hexahydrate (99 wt%), manganese chloride (99 wt%), sodium hydroxide (99 wt%), and cadmium nitrate (99 wt%) were purchased from Xilong Chemical, China. Ethanol (96 vol%) and potassium permanganate (99 wt%) were purchased from ViNa Chemsol, Vietnam.
Synthesis of graphene oxide
GO was synthesized by using modified Hummer's method [9] . In brief, 2.5 g of graphite powder and 1.25 g of sodium nitrate were mixed together. After that, the mixture was added 150 mL of sulfuric acid under constant stirring and the temperature less than 5 °C. After 15 minutes, 7.5 g of KMnO 4 was added gradually to the above solution while keeping the temperature less than 20 °C to prevent overheating and explosion. The mixture was sonicated at 35 °C for 2 h. The second oxidation was carried out by adding slowly 7.5 g of KMnO 4 , and then the mixture was sonicated at 35 °C for 4 h. The resulting solution was diluted by adding 500 mL of water under vigorous stirring. To ensure the completion of the reaction with KMnO 4 , 30% H 2 O 2 (10 mL) was added. The resulting mixture was washed with H 2 O and ethanol respectively, then dried. GO sheets were obtained.
Synthesized of MnFe 2 O 4 nanoparticles
The MnFe 2 O 4 nanoparticles were synthesized by a co-precipitation method [10] . Briefly, 2.7 g FeCl 3 .6H 2 O and 0.99 g MnCl 2 .4H 2 O were dissolved in 500 mL of deionized water. The mixture was stirred in ambient atmosphere for 30 min so that the molar ratio of Mn:Fe in the solution was 1:2. The solution was then constantly stirred and heated to 80 °C. Then, 2 M NaOH solution was slowly added to the mixture to raise pH of the solution to 10.5. The color of the solution changed immediately from orange to dark brown. The reaction was continued for 1 hours. The precipitated particles were collected by a magnet and washed 5 times with deionized water before being dried at 80 °C for 1 h. The MnFe 2 O 4 nanoparticles were obtained.
Synthesis of GO-MnFe 2 O 4 nanohybrids
GO-MnFe 2 O 4 nanohybrids were synthesized by a modified co-precipitation method [11] . Brief, 0.5 g GO was added to 400 mL of water and dispersed by ultrasonication for 30 min. In turn, 2.7 g FeCl 3 .6H 2 O and 0.99 g MnCl 2 .4H 2 O were added to the colloidal GO solution and stirred for 30 min. The solution was then constantly stirred and heated to 80 °C. Then, 2 M NaOH solution was slowly added to the mixture to raise pH of the solution to 10.5. The reaction was continued for 1 h. The precipitate was collected by a magnet and washed 5 times with deionized water before being dried at 80 °C for 1 h. The GO-MnFe 2 O 4 nanohybrids were obtained.
Characterization
XRD patterns were recorded on an Advanced X8 Bruker machine at wavelength (λ) of 0.154 nm at a step of 0.02° (2 ) at room temperature at Institute of Applied Materials Science (IAMS-VAST), Ho Chi Minh city. FTIR spectra were obtained in the wavenumber range from 4000 cm -1 to 500 cm -1 during 64 scans on an Alpha-E spectrometer (Bruker Optik GmbH, Ettlingen, Germany) at Institute of Chemical Technology (ICT-VAST), Ho Chi Minh city. TEM images were taken using a JEM-1400 at accelerating voltage of 100 kV at Institute of Applied Materials Science (IAMS-VAST), Ho Chi Minh city. The specific surface area was measured on an Altamira-AMI 200 machine at The Center for Molecular and Nanoarchitecture (MANAR), Viet Nam National University Ho Chi Minh City (VNUHCM). Magnetization curves of MnFe 2 O 4 nanoparticles and GO-MnFe 2 O 4 nanohybrids were measured by MicroSense Easy VSM version 9.13 L machine at Advanced Institute for Science and Technology (AIST-HUST), Ha Noi.
Adsorption studies
Batch adsorption studies experiments were conducted in 250 mL flasks, each containing 20 mL known concentration of Cd(II) in solution. The amount of GO, MnFe 2 O 4 , and GO-MnFe 2 O 4 absorbent materials used for the experiment was fixed at 0.02 g. First, kinetic experiments (time: 0-480 min, pH: 6.5, C 0 : 250 ppm). Secondly, effects of pH (pH: 2-8, C 0 : 250 ppm, equilibrated time), the solution pH was adjusted by using 1 M NaOH and 1 M HCl. Thirdly, adsorption isotherm (pH: 8, C 0 : 10-400 ppm, equilibrated time). Afterward, the adsorbent was magnetically separated from the aqueous solution, and the residual concentrations of metal ions were determined by UV-VIS spectrophotometer (UV-VIS-T70+). The quantity of ions Cd 2+ adsorbed per unit mass of used adsorbent at equilibrium time were calculated as follows equation: (1) where C 0 is the initial concentration (mg/L) of Cd 2+ , Ce is the concentration (mg/L) of Cd 2+ after the adsorption, V volume of solution (mL) and m is the weight of GO-MnFe 2 O 4 (g).
The adsorption kinetics of Cd 2+ onto the surface of GO-MnFe 2 O 4 nanohybrids was studied by pseudo first order and second order equations.
The pseudo first order equation can be described as: (2) The pseudo second order equaiton can be described as: (3) where q e and q t are the amounts of Cd 2+ adsorbed on the surface of GO-MnFe 2 O 4 nanohybrids at equilibrium and at time t (mg/g), respectively and k 1 , k 2 are the rate constants of the pseudo first order (min -1 ), second order model for adsorption (g.mg -1 .min), respectively [12, 13] .
In order to evaluate the adsorption capacity of sorbent, the Langmuir and Freundlich models were used.
The Langmuir isotherm model is expressed as follows: (4) where q e and q m are the amounts of Cd 2+ (mg/g) absorbed on the adsorbent at the equilibrium and maximum adsorption capacity, C e is the equilibrium concentration of Cd 2+ in the aqueous solution (mg/L), and k L is the Langmuir binding constant (1/mg).
The Freundlich isotherm model is expressed as follows: (5) where the C e is the equilibrium concentration of Cd 2+ (mg/L), q e is the amount of Cd 2+ (mg/g) absorbed on the adsorbent at the equilibrium adsorption capacity. The k f is the Freundlich binding constant (1/mg) and 1/n is a constant related to the surface heterogeneity.
RESULTS AND DISCUSSION
Characterization of materials
XRD patterns
XRD patterns of GO, MnFe 2 O 4 , and GO-MnFe 2 O 4 were analyzed for the confirmation of the crystal structure. Figure 1a shows the XRD pattern of the GO, the characteristic peak of GO at 9.86° correspond to (002) reflection from graphitic planes. Figure 1b shows 
